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Abstract: At the nanoscale and for particular applications such as dexterous
micro-manipulation, two Degrees of Freedom nanotribometers are no longer
adequate for studying and characterizing the contacts. This paper deals with the
specifications and working principle of a new multi-axis friction sensor designed
for nanotribological testing applied to this purpose in order to extract each
contribution independently (ie, sliding, rolling and spin motion). It is composed of
a central platform with a fixed ball and surrounded by a compliant table. Its sensing
ability is based on piezoresistivity: four sets of piezoresistors are symmetrically
distributed at the root of four central beams. Finite Elements Method simulations
are performed to find the optimal dimensions of the sensor. As results, this sensor
could measure independently normal and friction forces in the range of 1 mN and
100 µN, respectively and the three rotation components. Estimated crosstalk is
lower than 1 % with a good sensitivity.
Keywords: MEMS force sensor; Nanotribology; Multi-axis force sensing;
Dexterous micro-manipulation; Friction; Piezoresistive sensor; Finite Elements
Method simulation
1 Introduction
In assembly of micro-components below 1 mm, two approaches are currently considered
[1]: (i) the self-assembly paradigm [2, 3, 4] in which surface effects are used to organize and
assemble structures mainly up to a few micrometers, and (ii) the micro-robotic assembly
[1, 5, 6, 7] that is well suitable when the main challenging issues concern the handling
and assembly of small components - as met for instance in some specific hybrid MEMS
[8, 9, 10]. The latter approach is generally based on high resolution micro-manipulators and
2 M. Billot et al.
Figure 1 In classical microgripping: any rotation of the object (eg, transition a-c) needs a global
rotation of the manipulator (rotations a-b and b-c).
gripping devices with end-effectors controlled in position and more recently in force. Hence,
the development of micro-grippers that can accurately perform both translation and rotation
positioning of the manipulated object appears as a real challenge for the industrial field of
micro-assembly. Owing to the difficulties of designing micro-grippers that perform accurate
angular positioning, current industrial solutions generally favour to rotate the whole robotic
system - including the gripper - instead of the manipulated object, as shown in Fig. 1. Indeed,
transition from the position (1.a) to the position (1.c) involves two rotations of the grippers
(transitions a-b and b-c) displaying a poor accuracy of positioning. However, another recent
approach consists in performing local dexterous micro-manipulation of the object [11, 12]
in order to improve the positioning ability. As suggested in Fig. 2, the main advantage
of this approach is that each rotation of the object can be locally induced by accurate
translations (transitions a-b and c-d) of the fingers only. As a result, the micro-manipulation
performance can be improved because translation devices display finer positioning and
more compact system with less stages for at least the same number of Degrees of Freedom
(DOF). However as a drawback, dexterous manipulation requires an accurate control of
the forces that are applied to the object, which are themselves intimately connected to the
contact that is involved between the object and the fingers. Indeed, as shown in Fig. 3,
translation movements of fingers can induce, at the interface between the object and either
the finger’s edge or finger’s apex, various frictional components: ie, sliding (3a), rolling
(3b) or spin motion (3c). Besides, each kind of contact is likely to change, in turn, the
applied contact forces during the process. It appears that these tribological components are
essential to move the object by dexterous manipulation. Hence, the contact between fingers
and object has to be known and controlled in real time, meaning that their frictional and
adhesion behaviours have to be mastered for each kind of movements inducing sliding,
rolling and spin motion components simultaneously.
Nanotribological approach was recently used for assessing frictional components during
quasi-static and dynamic micro-gripping process [13]. Indeed, a ball-on-disc nanotribometer
was used for simulating a micro-gripper that grabs a spherical object. This approach was well
suitable for studying the sliding component but is clearly inadequate for assessing several
frictional components simultaneously. Among the other existing tribometers [14, 15, 16, 17],
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Figure 2 In dexterous manipulation, the same movement of the object (eg, transition a-d) only
needs fingers translation (translations a-b and c-d). No further rotation movement is
required. The micro-manipulation system can be simpler, more compact and accurate.
Figure 3 Different contacts between finger and manipulated object that are likely to occur during
dexterous manipulation : a) sliding of finger’s apex and finger’s edge ; b) rolling around
the finger’s apex and finger’s edge ; c) spin motion around the finger’s apex.
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the Tribolever proposed by Zijlstra [18] is well designed to characterize sliding components.
It is composed of a central detection pyramid surrounded by four high aspect ratio legs.
Lateral or frictional forces acting on the scanning tip are measured via the displacement of
the pyramid by means of four laser interferometers [18]. This structure is able to measure the
3 translation components with theoretically no crosstalk. But unfortunately, it was designed
in order to limit torsional movements, so it cannot be suitable for measuring the rolling and
spin motion component of friction. Hence, a multi-axis device with low crosstalks is then
needed for this purpose.
The aim of this paper is to design a new type of nanotribometer enabling to simulate
the finger/object contact. It has to display a flexible structure which allows torsion moves
in order to access to all the components of friction simultaneously. The combination of this
compliant structure with a piezoresistive sensing technology [19, 20] allows to obtain a
bulk multi-axis nanotribometer characterized by high displacement, high sensitivities and
acceptable crosstalks. Section 2 presents the specifications and working principle of this
new sensor. Its design and behaviour are then studied by simulation in Section 3 and 4,
respectively. Micro-fabrication process is presented in Section 5. Calibration and validation
of a real prototype will be developed in a further paper.
2 Specifications and working principle
2.1 Sensor performance requirements
As mentioned above, owing to their working principle, current commercial nanotribometers
can only achieve a 2DOF force measurement leading sometimes to a non-negligible
crosstalk which is not known and controlled.
Our new force sensor, that will be designed as a nanotribometer, should be able
to simultaneously measure three-dimensional forces, torque and moments. The ability
of torque and moments measurement will enable to access and decouple all friction
components including rolling and spin motion. Each force measurement should achieve a
linear and decoupled behaviour: hence, crosstalk has to be known and as low as possible.
Moreover, the sensor should be able to host classical balls from different diameters met in
tribological purpose. The normal (resp. tangential) force should have a maximum of 1 mN
(100 µN) with a resolution of 1 µN (0.1 µN) as currently applied in microgripping assembly.
2.2 Working principle
Keeping these performance requirements in mind, this sensor is composed of a central
platform surrounded by a compliant table: four central beams and sixteen other beams form a
table which enables to obtain higher displacements. The compliant table presents advantages
compared with classical cross-beam sensors [21]: it leads us to obtain higher sensitivities
reducing the number of gauges by increasing deformation and thus displacement ability.
The ball that will rub against the studied surface is fixed to the central platform.
Figure 4 shows the multi-beam structure and the position of the eight strain gauges
(named in the following G1,...,G8). The four sets of gauges are symmetrically distributed
at the root of the four central beams.
To explain the sensing principle, a first focus on an isolated beam is done in Fig. 5
in order to illustrate the piezoresistivity-based operating mechanism. The piezoresistance
effect is a phenomenon in which the electrical resistivity of a material changes due to an
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Figure 4 Architecture of the multi-axis force sensor.
Figure 5 Working principle of the piezoresistance based measurement method (a: lateral force, b:
normal force).
applied stress. In this paper, applied solicitations (forces and torque) are denoted Fx, Fy, Fz
and Cz, moments induced by forces are denoted Mx and My, and measured components
are denoted F̂ x and F̂ y (tangential forces corresponding to sliding), F̂ z (normal force),
M̂x and M̂y (moments corresponding to rolling) and Ĉz (torque corresponding to spin
motion).
As illustrated in Fig. 5, I1 and I2 are the current in the gauges 1 and 2, respectively,
whereas R1 and R2 are the resistance of the strain gauges 1 and 2, respectively. So, the
variations in the supply current (resp. resistance) of the strain-gauge 1 which is subjected
to the compressive stress can be given by these equations:
I1 = I0 + ∆I (1)
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Figure 6 Sensor under Fx, Fz, Mx and Cz constraint
R1 = R0 −∆R (2)
where, I0 (R0) is the initial current (resistance) value without any strain and ∆I (∆R) is
the current (resistance) variation due to stress influence. The sign of ∆I and ∆R depends
on the piezoresistor dopant type.
On the other hand, for the strain-gauge 2 under the tensile stress, current (resistance)
variation is described by these equations:
I2 = I0 −∆I (3)
R2 = R0 + ∆R (4)
Hence, a tangential force induces different types of stresses on each side of the beam (see Fig.
5 a). Correspondingly, the two gauges have the opposite resistance variation. The difference
of the resistance variation between the two strain-gauges can be then used to optimize the
measurement sensitivity, as described by this relationship:
R1 −R2 = R0 + ∆R− (R0 −∆R) = 2∆R (5)
In a similar way, when a normal force is applied to the cantilever, both gauges are influenced
by the same compressive or tensile stress (see Fig. 5 b). Thus, the same resistance variation
in these two gauges should be found (if each individual gauge has the same electrical
behaviour). The following relationship is used to magnify the resistance variation:
R1 +R2 = R0 + ∆R+ (R0 + ∆R) = 2∆R+ 2R0 (6)
By this way, the sum (resp. difference) of two gauges signals can be used to measure the
normal (resp. lateral) forces.
Reasoning as so for the complete sensor, results obtained with each pair of gauges on
the central beams are just summed, as summarized in Fig. 6 and Tab. 1. For example, the
tangential forces F̂ y, F̂ z and moment M̂x are evaluated using these formulas:
F̂ y ∝ ∆RG1 −∆RG2 −∆RG5 + ∆RG6 = 4∆RF̂ y (7)
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Table 1 Resistance variation in the gauges (smallest symbols represent a lower variation than
others) for independent solicitations and their various combinations leading to possible
crosstalks.
F̂ z ∝
8∑
k=0
∆RGk = 8∆RF̂ z (8)
M̂x ∝ −∆RG3 −∆RG4 + ∆RG7 + ∆RG8 = 4∆RM̂x (9)
Moreover, smaller variations of resistances of gauges (denoted δ instead of ∆) appear in
some cases. For example, for a force F̂ y and a moment M̂x, these variations are:
4δR
F̂ y
= −∆RG3 −∆RG4 + ∆RG7 + ∆RG8 (10)
4δR
M̂x
= −∆RG1 + ∆RG2 + ∆RG5 −∆RG6 (11)
As shown in Tab. 1, which summarize the responses of the gauges submitted to independent
solicitations and their various combinations leading to possible crosstalks, the compliant
structure and the position of the eight piezoresistive gauges allow to completely decouple
some components (F̂ z, Ĉz). However, a crosstalk between some other components for
example F̂ y respect to M̂x (which is the error on F̂ y measurement when there is a moment
M̂x, denoted in the following F̂ y/̂Mx) is a non-zero value because the same gauges are
deformed in the same way for the two solicitations (see for example relationships 7 and
11). Indeed, for example, if the sensor is submitted to both tangential force Fy and moment
Mx, F̂ y is evaluated by:
F̂ y ∝ 4∆R
F̂ y
− 4δR
M̂x
6= 4∆R
F̂ y
(12)
Nevertheless, simulation that is described in Section 4 will lead to study and find the best
sensor geometry in order to limit these residual crosstalks (ie the ratio
δR
M̂x
∆R
F̂ y
for F̂ y/̂Mx).
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Figure 7 Young’s modulus E and Poisson’s ratio ν for wafer (100) [22].
3 Sensor design
Knowing the sensor working principle, the optimization of the design has to be performed.
The latter includes the choice of:
(i) the best crystallographic orientation of material constituting the compliant structure,
(ii) the type, size, orientation and position of the piezoresistive gauges.
Besides, a study of residual crosstalks using simulation will be carried out in order to find
the best dimensions for the whole sensor to obtain optimal characteristics.
3.1 Optimization of the mechanical structure orientation of the compliant
structure
The mechanical part is manufactured using Silicon micromachining fabrication
technologies, to obtain a reasonably low stiffness structure. As Silicon is a highly anisotropic
material, mechanical properties of the structure will depend on the crystallographic
orientation of the chosen material. One criterion for the orientation choice is to have a low
Young’s modulus to improve the sensitivity of the sensor by reducing its stiffness [23], as
shown in Fig. 7 and 8 from [22]. Although the two Young’s modulus stay in the same order
of magnitude by switching from Si (100) to Si (111), Young’s modulus and Poisson’s ratio
are clearly independent of device crystallographic orientation for Silicon (111). Young’s
modulus is transversely isotropic at 168.9 GPa, regardless of the crystallographic orientation
and Poisson’s ratio has a constant value of ν// = 0.262 for planes parallel to (111), and a
constant value of ν⊥ = 0.182 for planes vertical to (111) [22]. Therefore, a sensor fabricated
using (111) Silicon will be less sensitive to the compliant structure device orientation with
respect to crystallographic orientations. Furthermore, since less restriction is imposed on
mask designs with respect to crystallographic orientation, the design task becomes also
much easier [22].
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Figure 8 Young’s modulus E and Poisson’s ratio ν for wafer (111) [22].
Figure 9 FEM model, dimensions of the meshed sensor and Stress distribution study: δx and δy
plot the distance from edge side and embedding, respectively.
10 M. Billot et al.
Figure 10 Stress distribution in the developed sensor (the component in solid line and higher than
the others is σ//).
3.2 Optimization of the piezoresistive gauges
3.2.1 Gauges position and size
The stress distribution along different axis on the surface of the beam has been studied in
order to determine the best position for the strain gauges. COMSOL Multiphysics Software
4.1 has been used to compare the results along the lines A defined on Fig. 9 for different
δx and δy offset values. The "Structural Mechanics" module (linear elastic model) is used
for this purpose and a tetrahedral meshing is realized (three nodes elements). To limit the
calculation time, fixed parts are not modeled: the ends of the beams of the compliant table
are directly fixed with a COMSOL boundary condition as shown in Fig. 9. Meshing is
refined around the gauges to limit error induced by the discretization. A total of 26,240
elements is used (see Fig. 9) and a powerful computing cluster is used (Mésocentre of calcul
de Franche-Comté). Simulation results reveal that:
δx: The gauges have to be as far away from each other as possible (δx=0 mm) to obtain
the higher stress differences between the two gauges from the same beam.
δy: Since the highest values of stress is observed at a distance of δy=20 µm - as shown
in Fig. 10 displaying stress repartition along the line A - the gauges should be placed
a little far from the fixed support, to increase sensitivities. However, considering the
difficulties induced by this shift in the current microfabrication process (electrical
connections and ohmic contact achievements would be harder to realize), the gauges
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Figure 11 Notations of the dimensions of the gauges.
should be rather located at the clamped position (δy=0 mm). The loss of sensitivity
value is evaluated around 6%.
Piezoresistors’ size has now to be optimized by choosing the dimensions displayed in
Fig. 11. The gauges must be as small as possible in order to maximize sensitivity and not
perturb structure deformation. According to the limitations of DRIE etching, the following
gauges characteristics have been chosen:
• the length of the gauge Lg=50 µm;
• the height of the gauge Tg=1.5 µm;
• the width of the gauge Wg=3 µm;
• the resistivity of the gauge ρ0=0.01 Ω.cm.
These dimensions induce a resistance of
R0 =
ρ0Lg
S
=
ρ0Lg
WgTg
= 1.1 kΩ (13)
when no stress is applied.
3.2.2 Gauges type and orientation
The piezoresistors lying on the surface of the sensing beams are very thin in comparison
with the thickness of the beam. Therefore the piezoresistance effect of a piezoresistor can
be expressed as :
∆R
R
= pi//σ// + pi⊥σ⊥ (14)
where ∆RR is the relative change of resistance, σ// and σ⊥ (resp. pi// and pi⊥) the two
stress components (piezoresistive coefficients) parallel and orthogonal to the direction of
the resistor, respectively. The piezoresistance coefficients depend both on the dopant and
on the crystallographic orientation choice. Besides, for a given orientation, they can change
significantly from one direction to another. Hence, sensor’s sensitivity is then clearly
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Figure 12 Piezoresistive coefficients values for different wafer orientation (all values are in
10−12Pa−1) from [24].
dependent on the crystallographic orientation. It is the main coercive criterion because
crystallographic orientation is not determinant for DRIE manufacturing, in contrast to
anisotropic humid etching [5].
Besides, stress analysis on the sensing structure surface (Fig. 10 in Section 3.2.1) shows
that the component σ// is much larger than other components of stress. For this reason,
equation 14 can be simplify as :
∆R
R
≈ pi//σ// (15)
The longitudinal gauge factor of the piezoresistance (GF//), which is the ratio between the
relative variation of resistance and the gauge deformation, can then be expressed as :
GF// ≈
pi//σ//
//
⇒ GF// ≈ pi//E// (16)
where // is the relative length change of the gauge and E// is the Young’s modulus in the
direction parallel to the piezoresistor. Therefore, one criterion to select the crystallographic
orientation is to make pi//E// as large as possible. Figure 12 compares the value of pi//
for different orientations in Si (for the four different Si types: (111) and (100) doped n
or p) [24]. And using results from Fig. 7,8 and 12, values of GF// ≈ pi//E// can then
be calculated and displayed in Fig. 13 Thus, for Si (111) the value of GF// is clearly
independent of the orientation of the gauge in contrast to Si (100). It could be an advantage
if the gauges positions were not parallel or perpendicular, or even to avoid misalignment
errors. Since higher gauge factor is obtained for a Si (100) n-doped and because all the
gauges are oriented with the same crystallographic orientation in the our case, a n-doped
(100) wafer with gauges that are oriented with the < 100 > direction can be chosen to
maximize the sensitivity. A gain of about 10% is expected. Note that, as GF// is negative
for n-doped Si, ∆I and ∆R from Section 2.2 are negative too.
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Figure 13 Longitudinal gauge factor values for different wafer orientation.
4 Simulation of the sensor behaviour
Simulations are now carried out in order to optimize the final design of the sensor. Expected
performance and behaviour of the MEMS friction sensor are simulated using COMSOL
multiphysics FEM simulation software. To take into account the anisotropy, the elasticity
and piezoresistive matrices are used in the proper coordinate system. FEM model and
meshing are the same as the ones described in Section 3.2.1. For piezoresistive effect, a
co-simulation by using both the "Structural Mechanics" and "AC/DC" COMSOL modules
is needed.
After meshing the geometrical structure and solving the differential equations of
"Structural Mechanics" and "AC/DC" modules, the relative variation in resistance within a
gauge is given by equation:
∆R
R
=
∆I
I
=
∫∫
(J)− I0
I0
(17)
in which J is the current density norm inside the gauges determined in a plan orthogonal
to the gauge direction (ie cross section of the gauge).
4.1 Study of the crosstalks
A Design of Experiments approach is used to determine the various crosstalks. Figure 14
shows the results for the structure deformation strengths, and the corresponding current
variations in the gauges are related in Tab. 2. Values for gauges submitted to the same stress
are averaged in order to erase small differences of current due to discretization errors. As
expected, there is no crosstalk with normal force F̂ z or torque Ĉz (see Fig. 14 a and b
and the corresponding lines in Tab. 2). Note that the ability of independently measuring a
torque Cz with no error is important for our application because it enables to accurately
characterize spin motion around the finger’s apex, as represented in Fig. 3 c. However, a
non-zero crosstalk is observed for F̂ y/̂Mx (and symmetrically for F̂ x/̂My) and M̂x/F̂ y
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Figure 14 Force and torque solicitations inducing a current variation in the gauges for different
measurements: a normal force F̂ z (a), a torque Ĉz (b), a tangential force F̂ y (c) and a
moment M̂x (d) (∆I are positive values).
(and symmetrically for M̂y/F̂ x) (notations being defined in the paragraph below Equation
11). Indeed, as shown in Fig. 14 c and d, if an unknown solicitation is applied on the sensor
it will be, for example, impossible to extract the respective contribution of tangential force
F̂ y and moment M̂x from current variations of piezoresistive gauges. Referring to relation
12 and using the notations from Fig. 14 c and d:
F̂ y ∝ 4∆I1 = 4(∆I1F̂ y −∆I1̂Mx) 6= 4∆I1F̂ y (18)
M̂x ∝ 4∆I2 = 4(∆I2̂Mx + ∆I2F̂ y) 6= 4∆I2̂Mx (19)
Therefore an evaluation of the crosstalks levels is given by computing the ratios
∆I
1̂Mx
∆I
1F̂ y
and
∆I
2F̂ y
∆I
2̂Mx
. Table 2 shows these residual errors: 7% for the evaluation of tangential force
F̂ y and more than 17% for the moment M̂x. Although the latter is more important than
the former, this difference has no real consequence on friction assessment in dexterous
manipulation, as reported in Fig. 3. Indeed, in such framework, controlling the transition
between static and dynamic friction is mandatory using the applied normal force knowing
an estimation of the tangential force at the contact area. Hence, force measurements in
Multi-axis MEMS force sensor 15
Table 2 Current variation (nA) in the gauges for the six force components and corresponding
non-zero crosstalks (values are given for Fx,y=100 µN and Fz=1000 µN).
sliding mode must be accurate, even in presence of residual crosstalks induced by any
rolling process generated by a geometric rotation of the central platform (ie, presence of
moments). On the contrary, accurately measurement of a moment M̂x or M̂y induced by a
rolling at the contact area appears less critical because, in dexterous framework, the crucial
information is just to make sure to keep the contact during the movement. Nevertheless, a
solution for reducing the crosstalks is to modify the sensor design by placing the ball on
the upper side of the sensor and reducing the height of the central platform. By this way,
the distance Ts between the support plane and the flat sample strongly decreases, as shown
in Fig. 15. The rotation components will be less important so that the error on the friction
forces will be reduced. To perform that, a hole is designed in the central platform and the
micro-ball is glued in it. The diameter of the hole can be adapted to host balls from different
sizes without changing the distance between the sample and the central platform. With this
design modification, the sensor will work upside-down with the gauges placed in front of
the studied sample (see Fig. 15).
4.2 Optimization of the sensor design
In addition to the above crosstalk study, there are many geometrical characteristics described
in Fig. 16 that also influence the sensor properties:
• the length L of the beams;
• the thickness T of the beams;
• the width W of the beams;
• the distance Ts between the sample and the central platform;
• the length Lp of the central platform;
• the thickness Tp of the central platform.
Several criteria are selected to check their influence out: (i) the performance analysis of
decoupling , (ii) the resonant frequency, (iii) the sensitivities, (iv) the response time and
(v) the maximum forces that can be applied before the sensor rupture. All the simulations
results are summarized in Tab. 3. The upper line of the table corresponds to the variation
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Figure 15 Modification of the sensor design in order to decrease crosstalks: the sensor works
upside-down with the gauges at the bottom.
Figure 16 Notations of the geometrical parameters of the sensor (with the ball on the upper side of
the platform).
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Table 3 Study of the influence of the geometrical parameters (+ (++,-) means that the variation of the
parameter have a positive (very positive, negative) influence on the considered sensor property and 0
(0/-) means that the variation of the parameter have no influence (a negligible negative influence,
respectively) on the sensor property, under bracket expressions are the eventual proportionality
relationships between geometrical parameters and characteristics).
of the different geometrical parameters (augmentation↗ or reduction↘) and in the first
two columns there are the characteristics and the corresponding criteria to be maximized
or minimized, that is:
• sensitivities have to be as high as possible;
• the resonant frequency has to be high enough to avoid environmental perturbations
due to vibrations during the measurement (higher than 10 kHz) [25, 26];
• a low stiffness is needed in order to obtain big enough displacements;
• crosstalk between forces and moments measurement needs to be negligible (maximum
1 or 2 %) to respect the sensor requirements;
• a short response time is needed to efficiently measure the various components during
friction process;
• and the maximum force before rupture has to be as high as possible, in order to
maximize the force range.
Another last criterion which is unmeasurable is the ability to easily fabricate and manipulate
this small sensor without breaking it.
Given Tab. 3, the best dimensions are selected making a trade-off between the good
and the bad influence of parameters on the different characteristics, knowing that crosstalk,
sensitivities and response time are the main important choice criteria. Consequently, the
beam height T and the beam width W are reduced whereas the beam length L is increased as
much as possible to obtain high sensitivities. But, as these variations have simultaneously
bad effects on several other characteristics, their values are chosen in order to not increase
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Figure 17 Geometrical parameters of the sensor (all the dimensions are in µm).
too much the crosstalk M̂x/F̂ y and the response time. Moreover, both the distance between
the sample and the central platform Ts and the thickness of the central platform Tp are
reduced to obtain a higher resonant frequency and a shorter response time. The smallest
ball size usually used to perform tribological tests in the lab is retained for Ts (40 µm).
Indeed, as mentioned above, reducing the distance from the sample has no bad influence
on other important parameters (sensitivities, crosstalk, etc.). Hence, the same thickness for
central platform and beams is selected to simplify the fabrication process. And a small
enough value of Lp is then chosen in order to both minimize the response time and reduce
the sensor size.
Finally, the optimal geometrical parameters obtained from simulation results are
reported in Fig. 17.
4.3 Characteristics of the final sensor
With the optimized dimensions, the sensor displays the expected properties compiled in Tab.
4. Crosstalks values of the sensor are reported in Tab. 5. Characteristics have been improved
with respect to the first design (see Tab. 2 from Section 4.1). Although the residual errors on
moment M̂x have slightly increased - from 17.2% to 19.1% - without any real consequence
on our application, as mentioned earlier (see Section 4.1), those have significantly decreased
- from 7.2% to 0.71% - on tangential force F̂ y. It means that measurement of a tangential
force induced by a torque can be accurately decoupled with a great benefit. Of course,
these properties could slightly change on the real sensor because of the uncertainties due to
micro-manufacturing process. However, the best was made in order to have low crosstalks,
good sensitivities and a resonant frequency high enough to avoid perturbations due to
environmental noise (acoustic and seismic vibrations [25, 26]) during the measurement.
Note that, the actual design of the sensor has been determined by simulations to respond to
our experimental nanotribological requirements (micro newton force range measurement
with no restriction on the structure size). However, this optimization process can be clearly
used to design a nanosensor displaying other kinds of requirements. Indeed, as in our
FEM model all the dimensions and material properties can be easily parametrized, our
optimization process can be applied to identify the optimal dimensions and so for the
purpose of scalability. The only limit of our FEM model is to stay in the field of the classical
mechanics.
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Table 4 Characteristics of the sensor (simulation results).
Table 5 Current variation (nA) in the gauges for the six measured components and corresponding
non-zero crosstalks (values are given for Fx,y=100 µN and Fz=1000 µN).
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Figure 18 Flow chart: (1 a) SOI wafer with 5 layers (1 b) lithography and DRIE etching upper side
of the device layer (2 a) thermic oxidation (2 b) lithography and RIE etching for opening
the ohmic contact areas (2 c) Cr/Pt deposition, lithography, wet etching and diffusion
heating to realize the ohmic contacts (3) Cr/Pt deposition, lithography and wet etching to
obtain electrical connection electrodes (4 a) lithography and DRIE etching down side of
the handle layer (4 b) lithography and DRIE etching upper side of the handle layer.
5 Fabrication process
Our sensor will be manufactured on a n type silicon SOI wafer. In order to obtain a compliant
structure as perfect as possible a five layers SOI wafer is used. Tests are at the moment
being performed to optimize ohmic contacts achievement for gauges realization [27]. Then
once optimal metal thicknesses, time and temperature for the annealing proceeding will
be determined, sensor micromachining will be launched. Fabrication process will typically
consist of the four stages illustrated in Figure 18.
1. Piezo-resistors achievement:
– The piezoresistive gauges are defined using deep reactive ion etching of silicon.
2. Ohmic contact achievement:
– The thermal oxidation treatment of piezoresistive gauge is carried out as an
electrical insulator layer.
– To open the contact windows, the reactive ion etching is used to etch silicon
dioxide.
– A Chrome/Platinum layer is deposited and patterned by the evaporation deposition
and lift-off methods.
– The annealing proceeding is needed to have the ohmic contact between Platinum
and silicon layers.
3. Connection circuit achievements :
– A Platinum layer is deposited by the sputtering method.
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– The Platinum layer is patterned by wet etching method to achieve the electrical
connection.
4. Sensor structure achievements:
– To create the beams, the back side of bulk is etched by deep ion reactive etching.
– To realize the sensor structure, the front side of bulk is etched by deep ion reactive
etching.
6 Conclusion
A new multi-axis force sensor which is intended to measure frictional components involved
in dexterous microgripping was developed. The design of the sensor based on a compliant
table and all its geometrical properties were studied in order to optimize sensitivity and
resolution and to minimize drawbacks. The first simulation results are promising: this
sensor will be able to measure independently the normal and friction forces (crosstalk
inferior to 1 %) with a good sensitivity. Tests are at the moment being performed in order
to optimize ohmic contacts achievement for gauges realization and make a final choice
between n and p-type Si. Then once optimal metal thicknesses, time and temperature for the
annealing proceeding will be determined, sensor micromachining will be launched and then
experimental results will be compared with simulation ones. A big challenge to overcome
will be the development of a process to be able to efficiently calibrate the sensor.
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